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ABSTRACT 



CTD data were taken in a area where satellite imagery had detected a cold water 
filament to frequently recur in the California Current System in order to determine the 
temporal and spatial variability of the hydrographic and velocity fields. Sound speed 
profiles were constructed from this data and predicted sonar ranges (PSRs) were com- 
puted for passive sonar using a range-dependent parabolic equation model. Analysis of 
model results applied to tactical scenarios showed the acoustic advantage between two 
adversaries to change as their positions relative to the front and to each other were 
changed. An investigation of the acoustic mechanisms involved in the variation of PSRs 
showed that small variations in surface temperature were enough to cause significant 
changes in PSRs. Changes in temperature of sufficient magnitude to effect PSRs were 
found also in SST imagery of cold filaments in other eastern boundary currents around 
the world. 
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I. INTRODUCTION 



Oceanic eastern boundary regions have been characterized in the past as broad ex- 
panses of slow moving currents (Sverdrup et al., 1942; Picard and Emery, 19S2). Recent 
investigations, aided by satellite imagery, indicate that these regions are far more dy- 
namically active than previously thought, containing frequent mesoscale eddies and cold 
filaments (Huyer and Kosro, 1987; Flament et al., 19S5). These filaments originate in 
the cold, upwelled, nutrient rich waters along the coast and, crossing the shelf, may ex- 
tend hundreds of kilometers offshore (Brink, 1983). They present significant gradients 
of temperature and salinity at their boundaries and may encompass regions of high bi- 
ological productivity (Lutjeharms, 1987). The filaments are visible from satellites using 
infrared (IR) imagery from the Advanced Very High Resolution Radiometer (AYHRR), 
which produces sea surface temperature images; or near-surface ocean color imagery 
from the Coastal Zone Color Scanner (CZCS) which produces chlorophyll images 
(Nykaer, 19S6). The filaments have been studied in the offshore regions of California, 
Peru, Portugal, Northwestern Africa, and the west coast of South Africa. 

These filaments have been the subject of many recent investigations, but their forc- 
ing mechanisms are not yet well understood. Their repeated occurrences at the same lo- 
cations suggests that they are dynamically tied to topography (Brink, 1983). These cold 
anomalies may be of particular interest to the U S Navy because, as this study shows, 
they can contain temperature gradients severe enough to create acoustic fronts. Addi- 
tionally, they occur frequently in strategically important coastal regions. 

These filaments were not extensively studied until satellite imagery became available, 
however, their presence in the California Current was documented as early as 1939 
(Fleming, 1939). More recent studies, now aided by remote sensing, have addressed the 
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dynamics of these features, and have suggested the following forcing mechanisms. 
Meso-scale turbulence could provide the driving force for a cold filament by the inter- 
action of a pre-existing eddy field with a coastal boundary (Huyer et al., 1984; Mooers 
and Robinson, 1984). Dynamic instability is another possibility. Coastal currents may 
develop filaments by the dynamic instability inherent in the flow (Mysak, 1982; Ikeda 
et ah, 1984; Ikeda and Emery, 1984). The recurrence of these filaments at prominent 
coastal features provides evidence that high wind stress and irregularities in the coastline 
and shelf may be responsible (Smith, 1981; Crepon et ah, 1984). Bottom topography, 
particularly sharp sudden features such as the Mendocino Ridge, have also been sug- 
gested (Xarimousa and Maxworthy, 1987). Structures similar to cold filaments have 
appeared in dynamical models in response to wind stress (Battecn et ah, 1989). Various 
combinations of the above listed mechanisms are also possible (Atkinson, 1985). Fur- 
ther study is continuing by a variety of researchers. 

An extensive study of cold filaments off Pt. Arena was conducted in the California 
Current System under the auspices of the Coastal Transition Zone (CTZ) program. This 
program brought together a group of about 34 investigators from twelve institutions to 
address interdisciplinary descriptive and dynamical questions relating to cold filaments 
off central California (The CTZ Group, 1989). The preliminary efforts of this group 
provided a new concept of the structure and kinematics of the flow in the coastal tran- 
sition zone during the upwelling season. A continuously meandering upwelling jet is 
now envisioned. A segment of this jet, a "generic" offshore filament, can be identified as 
a strong baroclinic jet about 40 km wide, flowing offshore at a peak speed of at least 0.5 
m s' 1 , embedded in a field of cyclonic and anticyclonic eddies at a scale of order 100 km 
(The CTZ Group, 1989). The sampling plan for 1988 was designed to provide more 
detailed quasi-synoptic spatial and temporal coverage of roughly one meander of the 
coastal current than had previously been availiable. 
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Data aquired during the CTZS8 observation program were used in this investigation. 
These data were taken from a northwest to southeast transect which crossed a cold fil- 
ament extending offshore from Pt. Arena, Ca. An acoustic propagation model based 
on the parabolic equation (PE) was run on this data to determine what effect, if any. the 
cold thermal anomaly might have on the propagation of sound within its boundaries or 
in the surrounding waters. The results indicate that the intrusion of the cool waters of 
the filament into the warmer oceanic waters present a moderate acoustic front. Sub- 
stantial variation was found between the predicted sonar ranges calculated when a 50, 
200. or S00 Hz source was moved from station to station. The longest sonar ranges were 
found when the acoustic source was located at the station where the coldest sea surface 
temperatures were observed. This was consistant for all three frequencies and for both 
source (5 m or 100 m) depths and all three receiver depths (5 m, 100 m and 200 m) in- 
vestigated. An analysis of the mechanisms resulting in these variations, coupled with 
descriptions of filaments in other areas (such as Fuiza et al., 198S; Lutjeharms et al., 
1987; and Brink, 19S3), indicates that filaments of similar dimensions and with similar 
sea surface temperature gradients could possibly provide similar acoustic frontal features 
and, hence, be of tactical significance. 
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II. DATA AND METHODOLOGY 



The data for this study were taken as a part of the 1988 CTZ field program. These 
observations took place between of 6 and 12 July 1988 when historical satellite imagery 
of this area of the California Current off Point Arena showed the recurrence of a cold 
filament. Figure 1 shows the satellite sea surface temperature image from 9 July 1988 
at 2317 Z, with the CTZ88 station numbers superimposed. Data used in this study were 
taken at the stations numbered 33 through 39, an offshore transect in deep (^3000 m) 
water that makes an approximately normal transect across the filament. 

A. DATA ACQUISITION 

The conductivity, temperature, and depth (CTD) data were taken from the surface 
to 500 m using a Neil Brown Mark 1 1 IB CTD. The data were acquired using an HP 200 
computer and were stored on 3.5 inch diskettes. Raw CTD data were transferred to the 
IBM 3033 mainframe computer at the Naval Postgraduate School. Temperature and 
conductivity corrections were applied as described in Jessen et al. (1989) and salinity was 
calculated from these corrected values according to the algorithm of Lewis and Perkins 
(1981). Sensor calibration procedures are contained in Jessen et al. (1989). These data 
were used to determine the fields of temperature, salinity, and density and to construct 
their vertical profiles. The sound speed was calculated at 5 m increments using the Chen 
- Millero algorithm (Unesco, 1983). 

B. SOUND SPEED PROFILES 

Sound speed profiles (SSPs) to 500 m were constructed from the CTZ88 CTD data. 
Each SSP had to be extended to a depth consistent with the bottom depth in the region, 
about 3000 m, to allow the deep sound transmission paths to be computed. This was 
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accomplished by computing an average deep profile produced from 11 deep (3000 m) 
casts acquired in the area of this study during the OPTOMA 1 1 cruise (Rienecker et al., 
1984). These deep CTD data were also processed at 5 m intervals using the Chen - 
Millero algorithm, and a sound speed profile from 500 m to 3000 m was produced. This 
deep SSP was then appended to the bottom of each of the SSPs calculated from the 
CTZ88 data. The use of this historic deep profile at all of the stations had two beneficial 
effects for this study; 

1. It removed any variation that different bottom depths might have produced by 
defining the depth as 3000 m at all stations. 

2. It also remo 1 . J any variation that deep temperature structure, not associated with 
cold filaments, might have produced. At the same time, a representative deep layer 
was available for input to the model. 

In order to use the resulting SSPs with the Pfi model, it was necessary to reduce the 
number of points used to describe them. A strobing program was used which compared 
the computed sound speed at each depth interval with the sound speed of the previous 
point and selected a profile point only if a predetermined difference was exceeded. This 
predetermined difference varied with different regions of the SSP. In the top 1U0 m the 
difference required to select a new sound speed point was 0.3 m s _l This ensured that 
the structure of the mixed layer and upper thermocline was well reproduced. A differ- 
ence of 1 m s _1 was sufficient to describe the lower thermocline down to the level of the 
sound speed minimum. A difference of 5 m s _1 was suitable for the nearly linear region 
from the depth of the sound speed minimum to the bottom. The sub-sampled SSPs were 
then compared with the original SSPs to ensure that no significant features had been 
lost. An example SSP (station 133) is displayed in Figure 2. The SSPs for each station 
calculated in this manner were entered into the PE acoustic model to provide the 
enviromental background conditions needed by the model. 

C. THE PARABOLIC EQUATION ACOUSTIC MODEL 

The parabolic equation model is a range-dependent model which determines the 
propagation of sound through a changing acoustic environment (Kuperman, 1985; 
Mellberg et al., 1987). It allows varying environmental conditions to be entered at po- 
sitions along the path of sound propagation. It assumes that the water column, de- 
scribed by a sound speed profile at a given position, remains representative of 
environmental conditions out to the next position. There, another SSP is entered and 
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acoustic conditions abruptly change with no smoothing between profiles. The model 
places the source of acoustic energy at an initial position and source depth. The sound 
radiates along one line of direction away from this position, traveling through the vary- 
ing acoustic environments described by the SSPs which are entered along its line of 
travel. The attenuation of acoustic energy is computed at closely spaced range incre- 
ments ( ~ 0.1 km) at distances measured from the source. The distance between stations 
(SSPs) for the CTZ88 grid was 25 km. 

The PE model must consider two complex boundaries, the sea surface and the sea 
bottom but both boundaries were simplified for this study. Inputs to the model must 
be provided to describe the bottom in terms of depth and acoustic transmission charac- 
teristics. To simplify the effect of the bottom, and to ensure that its effect was consistant 
from station to station, a constant depth of 3000 m was specified. The bottom was as- 
sumed to be fully absorbing (any acoustic energy striking the bottom was completely 
absorbed) along the entire transmission path. The model assumes a smooth sea surface. 
This ignores the effects of wind and waves and helps isolate the variation in the predicted 
sonar ranges to the effects of the cool filament. 

The model allows variations of source depth, receiver depth, and source frequency. 
A total of 252 model runs were performed with the input parameters varied to describe 
a number of basic hypothetical tactical situations. The model was run with the source 
depth at 5 m to simulate noise emanating from a surface ship and at 100 m to simulate 
a submarine-radiated noise source. Frequencies of 50, 200, and 800 IIz were chosen to 
roughly approximate frequencies of interest in tactical situations. The selection of re- 
ceiver depths at 5, 100, and 200 m supported the ability of both platforms to listen at 
various depths. 

The model was run with sound projecting down the line of stations from north to 
south and vice-versa to determine any asymmetry in the propagation of sound across the 
filament. Model runs from each source depth, each receiver depth and each frequency 
were done at each station. For a run initiated at any station, the acoustic conditions at 
each downrange station were evaluated. For the stations at the ends of the line of 
stations, the conditions prescribed by the SSP for the end station were extended indefi- 
nitely. 

D. PREDICTED SONAR RANGES 

In computing predicted sonar ranges (PSRs) the output of the PE model was or- 
ganized in a way which allowed direct comparison between model runs and produced 
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operationally meaningful results. A figure of merit (FOM), the maximum amount of 
transmission loss which can occur and still allow detection, of 80 dB was chosen and the 
range to this value was determined graphically from the model output. From each 
model run up to three PSRs could be determined: the direct path PSR, and the first and 
second convergence zone PSRs. This results in the possibility of producing five sets of 
information: the direct path range, the first convergence zone range, the width of the first 
convergence zone, the second convergence zone range, and the width of the second 
convergence zone. An example of the output of the PE model (Figure 3) demonstrates 
the graphical technique used in determining the PSRs. 
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Figure 1. An AVHRR image of the cold filament investigated: This image was 

taken on 9 July 1988. The CTZS8 station numbers are superimposed. 
Stations 33. 34. 35, 36, 37, 38, 39 correspond to stations 133, 134, 135, 
136, 137, 138, 139 in this report. 
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Figure 2. The composite sound speed profile calculated at station 133. 
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Figure 3. A sample output of the PE Acoustic Model for a source propagating 
southward from station 138: The source depth was 100 m, the receiver 

depth was 100 m, and the source frequency was 50 Hz. This demon- 
strates the direct path range and location of the annuli of the first two 
convergence zones at 47-5 f and 96-100 km. 
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III. RESULTS 



A. A. VERTICAL CROSS SECTIOxNS 

Vertical cross sections of temperature, salinity, density anomaly and geostrophic 
velocity were constructed (Figures 4, 5, 6 and 7, respectively) for the transect, with sta- 
tion 133, the northernmost station on the left and station 139, the southernmost station 
on the right (looking onshore). 

The temperature cross section (Figure 4) shows that the core of the cold filament 
was located at station 137 as indicated by the surface temperature minimum of <11 0 
C. The effect of the cold filament on temperature was limited to 75 km horizontally 
(station 135-13S) and to the upper 250 m. The gradient in temperature from station 137 
was slightly stronger toward the south (3 °C 25 km) than toward the north (2 °C 25 km). 
Also apparent is the elevation in the depth of the mixed layer when progressing from 
station 133 towards station 137, and its subsidence from station 137 toward station 139. 
An important feature appeared at station 135 at a depth of 75 m. Interleaving of the 
cold water from the filament with the warmer oceanic water occured here at the margin 
of the filament. This resulted in a layer of warmer water below colder water at about 
75 m depth. This situation was conducive to enhanced focusing of sound in the surface 
duct near this station. 

In the California Current System salinity generally increases with depth (Hickey, 
1979). Evidence of the filament, since it consisted of upwelled water transported off- 
shore, was expressed as water of increased salinity. A surface salinity maximum of 32.75 
(all salinities presented in practical salinity units, PSUs) was observed at station 138 
(Figure 5) adjacent to and southward of the temperature minimum observed in Figure 
4. The reason for the spatial offset between the temperature minimum and the salinity 
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maximum is not presently understood. A trend of salinity decreasing to the north was 
also observed, due to the incursion of lower salinity Pacific Subarctic water from the 
north into this region (Simpson et al., 1986). The upward slope of the 34.0 isohaline 
towards the south provides weak evidence that the filament may extend to slightly 
greater depths than indicated by the temperature section. 

A previous study (Flament et al., 1985) found that the temperature and salinity of 
the southern edge of similar cold offshore filaments in this region were density compen- 
sated. The density anomaly cross section (Figure 6) indicated that this was not the sit- 
uation with this cold filament, which had clearlv observable fronts on both its northern 
and southern boundaries. The geostrophic velocity normal to this section (Figure 7) 
calculated relative to a level of no motion at 500 dbar showed that the fastest current 
speeds were offshore at station 136 at >0.4 m s _l . The greatest velocity shear was con- 
fined to the upper 200 m, but the absolute magnitudes must be interpreted with caution, 
since 500 dbar may not be a true level of no motion (Daggett, 1989). 

B. ANALYSIS OF SOUND SPEED PROFILES 

The sound speed profiles were analysed in terms of mixed layer depth, low frequency 
cutoff' and critical depth at each station. The following definitions are provided (Urick, 
1983). 

Mixed layer depth: The depth of a nearly isothermal surface layer main- 
tained by the action of wind stress on the ocean surface balanced 
by buoyancy, entrainment from below and viscous dissipation. 

In this study, the mixed layer depth is defined as the depth where 
the vertical temperature gradient first exceeded 0.3 °C/5 m depth. 

Critical depth: The minimum water depth necessary for surface conver- 

gence zone transmission, that is, the depth having the same sound 
speed as found at the source (or at the near - surface sound speed 
maximum, whichever is greater). 

When these criteria are not met, no critical depth is possible 
near the surface and that sound speed profile is considered to be 
bottom limited. For the same sound speed profile the sound 
speed at 100 m may be slower than the sound speed at 3000 m, 
and in this case convergence zone ranges could be available for 
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the deeper source. In this study convergence zone transmission 
occurred from all stations with the source located at 100 m depth. 

Lou frequency cutoff: The frequency below which sound is no longer effi- 
ciently trapped in the mixed layer. F c0 = 2 x 10 5 x IF 2 2 where 
H is the mixed layer depth in meters. 

Deep sound channel: A sound transmission channel extending above and 
below the sound speed minimum. 

Figures 8 through 14 illustrate speed profiles derived from the CTD data at stations 
133 through 139, respectively. The mixed layer depth (MLD) is included with each 
profile and also appears with the low frequency cutoff value for each station in Table 
1. The existence of a mixed layer depth indicates that surface ducting is possible for 
source frequencies greater than the cutoff value. For the frequencies used in this study 
(50, 200 and 800 IIz). the mixed layer depths needed to trap the signals in the surface 
duct are 238. 96. and 39 m, respectively. Since mixed layer depths > 70 m are rare in the 
coastal transition zone, it is expected that only the S00 Hz signal will exhibit surface 
ducting. 

Moving through the stations from 133 through 139 (Figures 8 - 14), or from the 
northernmost to the southernmost station, the SSP at station 133 (Figure 8) showed a 
mixed layer depth of 43 m. The cutoff frequency of 709 Hz indicated that the source 
frequencies of 50 and 200 Hz would not be trapped in the mixed layer but the 800 Hz 
signal would. The critical depth was greater than 3000 m, the model simulated bottom 
depth at all stations, indicating that convergence zone ranges were not possible for a 
source at 5 m. 

At station 134 (Figure 9) the mixed layer depth was at 71 m. The low frequency 
cutoff at 335 Hz indicated that the 800 Hz signal could be trapped in the surface layer. 
The critical depth was too deep to allow convergence zone transmission for a 5 m source. 

Station 135 (Figure 10) presented the most interesting SSP. The decrease in sound 
speed from a depth of 100 m to the surface indicated colder water in that region. This 
was an expression of the interleaving which occurred at the margin of the cold filament 
and which provided a layer of colder water over a layer of warmer water. This feature 
can also be seen in the temperature section (Figure 4) in the 14 0 and 15 °C contours 
near station 135, at 75 m depth. Comparison with the corresponding salinity section 
(Figure 5) shows this to be a warm - salty intrusion, with slightly fresher water above. 
The lack of a corresponding feature in the density anomaly section (Figure 6) indicates 
a statically stable situation. This temperature inversion acted to reinforce the focusing 
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of sound transmitted in the mixed layer. Surface ducted sonar ranges were expected at 
this station because of this feature. The low frequency cutoff at 335 Hz indicated that 
only the S00 Hz signal could be completley trapped in the mixed layer. CZ transmission 
was not expected for a 5 m source because the critical depth was greater than 3000 m. 

At station 136 (Figure 11) the surface temperature decreased under the influence of 
the cold filament. A substantial reduction in the depth of the mixed layer to 3 1 m was 
also observed. With a low frequency cutofF of 1 164 Hz, reduced direct path ranges were 
expected for all of the frequencies of interest. The critical depth rose to 2500 m making 
CZ transmission possible for both a 5 m and a 100 m source. 

The SSP at Station 137 (Figure 12) demonstrated the effects of the coldest water of 
the filament. The mixed layer depth of 41 m resulted in a low frequency cutoff of 761 
Hz which could marginally influence the 800 Hz signal but could not trap the 50 and 200 
I Iz signals. The lowest surface temperature at this location resulted in the lowest near 
surface sound speed and the shallowest critical depth of all stations at 1850 m. This was 
expected to ensure convergence zone transmission at all source depths. 

At station 13S (Figure 13) the surface waters were warmer than in the cold filament 
core to the north. The surface duct was very shallow at 26 m limiting the mixed layer 
transmission to frequencies above 1508 Hz. The critical depth was shallow enough at 
2600 m to allow CZ transmission for a source located at either 5 m or 100 m depth. 

At station 139 (Figure 14) the surface temperature and surface sound speed in- 
creased. The mixed layer was deeper than station 138, extending to a 41 m depth. The 
low frequency cutoff of 761 Hz allowed some trapping of the 800 Hz signal. A critical 
depth of 2650 m allowed CZ transmission for a source located at 5 m or 100 m depth. 

All of the sound speed profiles were overlayed (Figure 15) to demonstrate the spatial 
variability of the SSPs. The SSPs fell into three groups, identified as A, B, and C. Group 
A consisted only of the SSP at station 137 which stood alone with the lowest surface 
sound speed. This occurred near the core of the cold water filament. Here the surface 
sound speed was approximately 18 m/sec slower than the highest surface sound speeds 
indicated on the the Group C SSPs. At station 137 convergence zone transmission was 
expected at all source depths. 

The stations in Group B included stations 136, 138, and 139. Stations 136 and 138 
are in the filament margins where isotherms slope sharply upwards toward the surface 
resulting in a shallow mixed layer depth. The mixed layer depth at station 139 to the 
south was also shallower than those found to to the north. The shallow mixed layer 
depth and relatively warm temperatures cause this group of stations to have SSP prop- 
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erties intermediate between those of Group A and Group C, that is, weak surface duct 
direct path transmission but with CZ transmission for a 5 m source. 

The SSPs to the north of the filament, identified as Group C, were stations 133, 134, 
and 135. These SSPs were similar in their relatively deep mixed layer and relatively high 
near-surface sound speeds. The deep mixed layers served to extend direct path ranges 
at S00 Hz while the high surface temperatures acted to drive down the critical depth and 
preclude CZ transmission for a 5 m source. 

To summarize, the sound speed profiles for stations 133 - 139 (Figures S- 14) clearly 
were affected by the presence of the cold filament. Between stations 136 and 137 the 
critical depth rose from 2500 m to 1850 m for a change in critical depth of 650 m in 25 
km , indicating that the cold filament in this study did present an acoustic front, defined 
as a change in critical depth of 50 m or more over a distance of 35 km (Cheney, 1976). 
The influence of this front on acoustic propagation is investigated subsequently using 
the PE model. 

C. RESULTING PREDICTED SONAR RANGES 

The PSRs calculated from all the model runs done to support this investigation are 
shown in Tables 2 - 5. Tables 2 and 3 contain PSRs from the runs projecting southward 
from each station. Table 2 was produced with the source at 5 m, and Table 3 with the 
source at 100 m. Tables 4 and 5 were constructed from the runs projecting northward 
from each station. Table 4 was produced with the source at 5 m and Table 5 with the 
source at 100 m. When two PSRs are present, e.g., 49/51, this indicates the inner and 
outer edges of the CZ annulus. Zone widths of less than 1 km have indentical CZ ranges 
e.g.. 100 100. 

In order to make the PSR data easier to interpret, the table data which best char- 
acterized the effects of the acoustic front were graphically displayed (Figures 16-19) as 
plan-views which show the PSRs in the context of the geographical separation of the 
stations. The stations are labeled across the top and bottom of each figure. The solid 
circle below the station number indicates the source originates at that station. Extend- 
ing from each dot are arrows pointing in both horizonal directions. These arrows repre- 
sent the direct path ranges available at each station with the actual distance in 
kilometers indicated above each dot. The distance to the inner and outer edges of the 
convergence zones are indicated by vertical bars (with actual distances shown above) 
connected with horizonal dashed lines, i.e., the source can be heard ( to the 80 dB FO.V1) 
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within the bars. These figures are useful in examining the differences in PSRs which 
occurred from station to station. 

1. Variation of PSRs with frequency 

1. The longest direct path ranges from a shallow source (Tables 2 and 4) occurred at 
the highest frequency, 800 Hz. This was because the surface mixed layer was 
sometimes very effective at trapping the 800 Hz signal, but not the 50 or 200 Hz 
signals (Table 1). 

2. When the source and receiver were at the same depth, convergence zones occurred 
most frequently at the lowest (50 Hz) frequency (Figures 16 and 17). The direct 
path, first CZ and second CZ ranges were availiable at all stations in both di- 
rections (Figure 16). This is an expression of lower spreading losses at 50 Hz. 

3. The most convergence zone transmissions, when the receiver was at 200 m and the 
source was at 100 m. (Tables 3 and 5) occurred at 200 Hz. This was because the 
50 Hz signals suffered greater duct loss and the S00 Hz signals greater absorption 
loss. 

2. Variation of PSRs with receiver depth 

Tables 2 and 4 show that the longest ranges for shallow sources of all frequen- 
cies occurred at the deepest receiver depth. This is probably due to image interference 
at the surface. Sound arriving at the deepest receivers was less susceptible to phase 
cancellation while sound arriving at the shallow receivers was more subject to surface 
decoupling losses, i.e.. increased phase cancellation with decreasing receiver depth. 

3. Variation of PSRs with mixed layer depth 

Longer direct path ranges occurred for shallow sources located at stations in the 
filament and to the north (Figures 17 and 19). This was due to the warm, salty intrusion 
at station 135 (see below) combined with a deeper mixed layer depth to the north which 
trapped more energy in the surface duct. 

4. Variation of PSRs with surface temperature 

Second convergence zone ranges were available for sources near the surface in 
the cold waters of the filament but not in the surrounding warmer waters (Figure 17 and 
19). This is the result of raising the critical depth by a decrease in surface temperature 
to the point where fewer bottom losses occurred. Energy was focused into the conver- 
gence zone path and extended the range to the second CZ. 

5. Variation in PSRs due to shallow SSP structure 

The longest direct path surface duct ranges occurred at station 135 (Figure 17). 
The shape of the transmission loss curve from the source to 26 km (Figure 20) indicated 
that the surface ducting occurred due to the unique shape of the SSP at station 135. 
The 26 km range may possibly be erroneous, caused by the PE model which extends the 



16 



environmental conditions at one station to the location of the next station and then 
changes them abruptly. The true extent of this surface duct would be the true extent of 
the SSP at station 135. This was not resolved by the 25 km station spacing. 

6. Variations in PSRs showing acoustic asymmetry across the front 

The CZ transmission toward the north from station 137 resulted in a conver- 
gence zone annulus 16 km wide (Figure 17). This was significantly wider than the width 
of the corresponding band at the station to the south, station 138. which had a conver- 
gence zone 3 km wide. The transmission loss curve for station 137 toward the north 
(Figure 21) showed evidence of surface ducting. The shape of the curve and its similarity 
to the direct path conditions at station 135 (Figure 20) suggested that the sound trans- 
mitted from station 137 reached the surface at station 135 via a convergence zone path 
where it was then trapped in the mixed layer and traveled via the surface duct. 

The mechanism of expansion of the depth span of the convergence zone ray 
path was indicated in another asymmetric situation. When projecting southward across 
the front from station 133. no convergence zone reception occurred for a shallow re- 
ceiver at a distance of 50 km (near station 135) but a CZ did occur at 99 km. At station 
133. with the source at 100 m. and at a source frequency of 800 Hz projecting northward 
towards receivers at 5 m depth (Figure IS), only direct path transmission was available. 
This was because the sound speed at the source (station 133, 100 m depth) at 1492 m s 
_1 is significantly less than the sound speed at the receiver (station 133 SSP conditions 
displaced 50 km to the north, at 5m depth), at 1507 ms _1 and the convergence zone rays 
are directed toward the bottom before they reach the receiver at 5 m. When projecting 
from station 133 with an 800 Hz source at 100 m depth toward the south an equivalent 
situation was encountered at station 135. The sound speed at the location of a receiver 
5 m deep is significantly higher at 1503 m s _1 than the sound speed at the source and 
there is no convergence zone transmission. Continuing southward to station 137 pre- 
sents a substantial variation in SSP. At station 137 the sound speed at a 5 m receiver 
(1489 m s _l ) is less than the sound speed at the source (1492 m s~')> the depth band of 
the convergence zone ray path is expanded to include the 5 m receiver and convergence 
zone transmissions were received at the shallow receiver. 

In a reciprocal situation, that is, projecting northward from a source placed at 
station 137 (Figure 19), a CZ range existed at 50 km near station 135. This appears to 
occur because the conditions for focusing the CZ transmission at station 137 were so 
much more favorable, as indicated by the shallow critical depth there, that the strength 
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of the CZ signal overpowers the effect of the poor convergence environment at station 
135 (Figure 23). 

In summary, the effect of the cold filament on PSRs is to cause substantial 
variation in sonar range capabilities, particularly at shallow depths, depending on the 
positions of both the source and the receiver relative to the cold water filament. These 
variations, while explained by several different mechanisms, are all due to variations in 
the SSPs in the upper 100 m brought about by the incursion of the cold water filament 
into the warmer oceanic waters. 
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Table 1. MIXED LAVER DEPTH AND LOW FREQUENCY CUTOFF AT 
EACH S FA I ION. 
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31 
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26 


41 


Ka id) 


709 
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N 1 1 S 

TEMPERATURE (° C) 10 KM 




Figure 4. The temperature cross section, from the northern station, 133, to the 
southern station, 139. 



N i ' s 

SALINITY (PSU) 10 KM 




Figure 5. The salinity cross section from the northern station, 133, to the southern 
station, 139. 
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N 1 1 S 

DENSITY ANOM ( 7 ) 10 KM 

133 134 135 136 137 138 139 




Figure 6. The density anomaly cross section from the northern station, 133, to the 
southern station, 139. 
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I 1 




Figure 7. The geostrophic velocity cross-section from the northern station, 133. to 
the southern station, 139: Negative velocities are out of the page 

(westward) and positive velocities are into the page (eastward). 
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Figure 




9. The sound speed profile computed at station 134: I he mixed layer 

deptli is 71 m. 
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Figure 10. Hie sound speed profile computed at station 135: 
depth is 71 in. 



The mixed layer 




Figure 11. The sound speed profile computed at station 136: The mixed layer 

depth is 31 ill. 



27 




Figure 12. The sound speed profile computed at station 137: 
depth is 41 m. 



1 he mixed layer 
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Figure 13. The sound speed profile computed at station 138: 
depth is 26 m. 



I he mixed Inver 
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A It C 




Figure 15. An overlay plot of (Ite SSPs taken at all the stations. I he deep sound 
channel axis is at 575 in. 
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Table 3. Predicted sonar ranges for a source at 100 ni depth and projecting southward 
when the source is located at each of the stations indicated. A (-) indicates no CZ. 
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PREDICTED SONAR RANGES 



STATION ID 1.13 134 135 1.16 1.17 US 1 19 



100 98 52 48 3 

H I--I 

97 96 52 48 

l-l l-l 

100 98 52 48 



50 52 97 100 

l-l l-l 

48 52 98 100 

- l-l l-l 

3 48 51 98 90 



Source: 100 ni 
Receiver: 100 ni 
frequency: 50 [ lz 



|00 97 52 48 5 

l-l l-l 

100 97 52 47 

l-l l-l 

100 97 52 47 

l-l l-l 



47 51 97 100 

l-l l-l 

47 52 Of, 100 
l-l l-l 

3 47 5 | 96 100 

- » - l-l l-l 



98 96 52 48 3 

l-l l-l 

STATION ID 13.1 1.14 133 136 137 I3S 139 



47 52 96 100 



Figure 16. A geographical representation of the predicted sonar ranges: The 

source is at 100 m. the receiver is at 100 m and the source frequency is 
50 Hz. Arrows indicate the direct path range projected north or south 
from the source. The source position is identified by a solid circle. 
Bracketed values (|— |) indicate the distance to the inner and outer edge 
of the convergence zone (when present). Direct path and CZ ranges 
(km) are indicated above each graphical symbol. 
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. Predicted Sonar Ranges 



STATION ID 1.1.1 I.U 1.16 1.16 1.1' 1.16 I' 9 

2 





4 




♦— • -» 




26 




4— • -♦ 




2 49 .51 




- • - h 




65 50 3 49 50 100 100 




1 1 - • - l-l l-l 




51 49 1 50 51 


Source: .5 m 


l-l - • - I I 


Receiver: .5 m 


.51 48 2 


Frequency: 800 IIz 


l-l 



STATION ID 1.1.1 1.14 11. 1 1.16 1.17 1.16 1.19 



Figure 17. A geographical representation of the predicted sonar ranges: I he 

source is at 5 in, the receiver is at 5 m and the source frequency is SW 
IIz. Arrows indicate the direct path range projected north or south 
from the source. The source position is identified by a solid circle. 
Bracketed values (|— |) indicate the distance to the inner and outer edge 
of the convergence zone (when present). Direct path and CZ ranges 
(km) are indicated above each graphical symbol. 
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PREDICTED SONAR RANGES 



STATION ID 133 134 133 136 137 133 139 



A 



A 



97 99 
hi 



99 100 

H 

49 51 



3 48 52 



52 49 3 49 51 

I -I - • - H 



Source: f <M) m 
Receiver: 5 m 
I rcqucncy: 8 (H) II 7 ; 



51 48 2 49 54 

H - • -♦ I--I 

52 49 2 49 52 

1-1 «- • - 1-1 



STATION ID 13.1 134 I3S 136 137 111 139 



Figure 18. A geographical representation of the predicted sonar ranges: 1 lie 

source is at 100 in. the receiver is at 5 m and the source frequency is 
800 Hz. Arrows indicate the direct patli range projected north or south 
from the source. The source position is identified by a solid circle. 
Bracketed values (|--|) indicate the distance to the inner and outer edge 
of the convergence zone (when present). Direct path and CZ ranges 
(km) arc indicated above each graphical symbol. 
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PREDICTED SONAR RANGES 



STATION W /.?J IU /?5 / 16 7?7 IIS / ?? 
4 



4 



5 26 26 



Source: 5 ni 
Receiver: 100 m 
Frequency: 800 1 1 7 



99 98 S| 49 3 40 51 

i-i i -i *- • - i-i 

99 98 52 48 3 48 51 97 99 

I-I I-I - • - I-I I-I 

52 50 2 49 52 

I-I - •-* I-I 
51 50 3 

I-I 



STATION IP 1.13 134 133 



IU, 11 7 13.3 139 



Figure 19. A geographical representation of the predicted sonar ranges: I he 

source is at 5 m, the receiver is at 100 in and the source frequency is 
800 Hz. Arrows indicate the direct path range projected north or south 
from the source. The source position is identified by a solid circle. 
Bracketed values (|--|) indicate the distance to the inner and outer edge 
of the convergence zone (when present). Direct path and CZ ranges 
(km) are indicated above cadi graphical symbol. 
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source frequency was 800 Hz. The sharp increase in transmission loss 
at 26 km indicated the abrupt change in acoustic conditions at the 
transition between the SSP at station 135 (with its surface duct) and the 
SSP at station 136. 
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Figure 21. The PE Acoustic Model run from station 137 to station 133: 1 he 

source depth was 5 m. the receiver depth was 5 m, and the source fre- 
quency was 800 IIz. The extended first convergence zone was probably 
due to the trapping at the surface of the first convergence signal by the 
surface duct at station 135. 
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source depth was 100 m, the receiver depth was 5 m, and the source 
frequency w as 800 Hz The lack of a convergence zone at 50 km (while 
one is present at 100 km) was probably due a range dependent con- 
traction of the depth span of the convergence ra\s in the vicinity of 
station 135 due to increased surface temperatures. The subsequent ex- 
pansion of the depth span of the convergence rays in the vicinity of 
station 137 due to decreased surface temperatures promoted the con- 
vergence zone at 100 km. 



¥ 
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Figure 23. The PE Acoustic Model run from station 137 to station 133: The 

source depth was 100 m, the receiver depth was 5 m, and the source 
frequency was 800 Hz. The trapping of the converged signal in the 
surface duct in the vicinity of station 135 was apparent. 
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IV. DISCUSSION 



A. OCEANOGRAPHY 

Interest in the eastern boundary regions, and more specifically offshore cold fila- 
ments. has been greatly stimulated by the recurring appearance of these features in sat- 
ellite imagery. The following is a discussion of satellite imagery which demonstrates the 
occurrence and dimensions of cold water filaments in eastern boundary regions around 
the world. The imagery used includes both sea surface temperature from the AVHRR 
sensor and ocean color from the CZCS. Strong gradients in ocean color which indicate 
high chlorophyll concentrations associated with the increased biological productivity in 
these nutrient rich, cool waters are plainly visible in the CZCS imagery. Although the 
CZCS boundaries of the cool filaments do not match the AVIIRR boundaries exactly 
(Nykjaer et al., 19S6), CZCS imagery can still be used to indicate the general size, shape, 
and location of the cold filaments. This is demonstrated by comparing two simultaneous 
AVHRR and CZCS images of a single filament (Figures 24 and 25, Nykjaer et al., 1986). 
These images are were selected to show the chlorophyll pigment concentration and the 
sea-surface temperature for 2 July 1985. They were made pursuant to a study of the re- 
lationship between sea surface temperature and phytoplankton pigment concentrations 
in cold water filaments off the coast of Northwest Africa (Nykjaer et al., 1986). Both 
images revealed a filament type structure (Figures 24 and 25) with a length of approxi- 
mately 200 km, a width of about 30 km, rooted near 27 ° 30 ' N, 013 0 00' W. The 
AVHRR image showed a horizontal temperature gradient of about 2.5 °C/25 km, which 
was similar in strength to the filament observed off California. 

Oceanographic data from the coast of South Africa indicate that cold water fila- 
ments also occur repeatedly in this region near coastal topographic features. The num- 
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ber, size, and location of filaments detected by satellite imagery of! the coast of South 
Africa during February 1984 (Figure 26) show this phenomenon. During the sample 
interval, clouds obscured the sea surface for more than two thirds of the time 
(Lutjeharms et al, 1988) hence this composite was based on the remaining clear days. 
Each line in the figure represents the axis of a filament. The filaments in this South 
African region were found to extend from 50 to 600 km seaward of the main upwelling 
fronts. A separate study using in-situ oceanographic data off Namibia, Southwest 
Africa (Shillington et al., 1 989), showed gradients of 3.7 °C 25 km near a cold filament 
about 2 weeks old. These gradients are somewhat stronger than those observed in this 
study off California. 

Cold filaments have also been studied off the west coast of Portugal where long fil- 
aments of cold upwelled waters extend zonally offshore for a few hundred kilometers 
(Fiuza, 1983). Ongoing studies of multi-year sequences of satellite imagery indicate that 
such filaments tend to recur near the same places off the coast of Portugal (Fiuza and 
Sousa, 19S8). One feature off Portugal (Figure 27) is approximately 150 km long. 
Similar cold filaments off Portugal have been found, by in situ measurements, to have 
temperature gradients of about 3 °C/25 km (Fiuza and Sousa, 1988). 

The California current system is the most intensely studied eastern boundary region 
in the world. It contains various poleward and equatorward, surface and subsurface, 
mean and seasonal flows (Hickey, 1979). The basic state consists of an equatorward 
mean flow driven by wind stress over the eastern North Pacific ( 2s tiler and Brink, 1989). 
Coastal upwelling, driven by equatorward wind stress and the resulting offshore Ekman 
transport of surface waters (Huyer et al., 1987), is a seasonal feature, occurring between 
the months of May and October. This upwelling creates an upwelling front and a 
geostrophically balanced equatorward current jet flow's along the front (Brink, 19S3). 
Recent observations (CTZ group, 1988) suggests that this equatorward jet begins to 
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meander at some point, which allows the cold water to extend far offshore within the 
meander (Figure 28) in the form of a cold filament. As it travels farther offshore the 
water in the jet is warmed by insolation and mixing with warmer surrounding waters and 
gradually loses its identity. Additionally, there is some evidence of subsidence of the cold 
salty water along the upwelling front as the filament moves offshore (The CTZ Group, 
19S8). The satellite observation of cold filaments of similar scale in other eastern 
boundary regions suggests that equatorward wind stress, coastal upwelling, and inshore 
coastal geometry and bottom topography are all essential ingredients necessary for the 
their formation. More detailed dynamical comparisons must await better in-situ data sets 
from other parts of the world. 

B. ACOUSTICS 

1. The Nature of the Front 

The overwhelming influence of temperature on the speed of sound makes the 
acoustic front strongly dependent on horizonal variations in temperature. The temper- 
ature cross section (Figure 4) indicates a surface temperature gradient of 1.6 ° C'25 km 
between the cold filament in this study and the warmer water to the north. This prob- 
ably represents an underestimate since the 25 km station spacing was not adequate to 
resolve the maximum gradients. Other studies using a continuous-sampling 
thermosalinograph (Snow, 1988) have demonstrated maximum gradients of 1.6 °C 
km -1 . The vertical extent of the thermal front in Figure 4 was relatively shallow, less 
than 300 m. 

This acoustic front can be compared to other well-studied acoustic fronts. The 
Gulf Stream front, a strong acoustic front, has a temperature gradient of 4 °C/25 km and 
extends to a depth of 800 m (Richardson, 1983). Warm core eddies from the Gulf 
Stream provide somewhat weaker and shallower acoustic fronts which typically have 
gradients of 2.5 °C/25 km and a vertical extent of 600 m (Richardson, 1983). Features 
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more closely resembling those of the cold filament of our study were observed near the 
ice edge eddies in the marginal ice zone studied by Mellberg et al., (1987). Mellberg et 
al. found a horizonal gradient in sound speed of 18 m s -1 across these eddies, which was 
very close to the 15 ms -1 gradient which existed across the cold filament off Point Arena. 
Using a parabolic equation model, Mellberg et al. found that transmission losses across 
the features were also similar. Mellberg et al. reported a change of 10 dB across the ice 
edge eddy. In this study, calculations of the transmission loss with source and receiver 
at 5 m depth and a source frequency of 800 Hz, from station 134 to 13S, produced a 
propagation loss across the cold filament of 8 dB. This comparison is not complete be- 
cause the input of initial conditions in the models for the two situations are not con- 
sistent. As they were examining a deeper structure, Mellberg et al.'s source and receiver 
were at 300 m depth, local bottom conditions were included and they identified the 
SOFAR channel as an important transmission path. The comparison is sufficient to 
show, however, that the two acoustic fronts appear similar to an order of magnitude. 
Mellberg et al. also found that the 50 Hz signal suffered greater attenuation than 1 kHz 
in range-dependent simulations. The range dependent anomalies across the cold fila- 
ment of this study also displayed a frequency dependence, with the 800 Hz signal atten- 
uated less across the northern margin of the filament (station 135) than the 50 or 200 
Hz signals. This appears to be the result of the structure of the SSP at station 135 which 
provides a stong surface duct and a mixed layer depth of 71 m. The cutoff frequency 
calculated for this mixed layer depth is 335 Hz, indicating that neither 50 nor 200 Hz 
would be completely trapped in the surface duct while 800 Hz would be. This explains 
the lower losses sustained by the 800 Hz signal in the surface duct in the vicinity of sta- 
tion 135. Mellberg et al.'s lower losses at 1000 Hz when compared to 50 Hz are ex- 
plained by reduced downward refraction and reduced surface decoupling loss at 1 kHz. 
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This resulted in the loss of the SOFAR channel as a transmission path for the 50 Hz 
signal while retaining it for the 1 kHz signal (Mellberg et al., 1987). 

2. The Effects of the Acoustic Front 

The variations in the predicted sonar ranges computed in this study could be 
separated into three classifications: Those not related to the acoustic front, those related 
to the acoustic front but not range dependent and those related to the acoustic front and 
range dependent. 

1. Variations not related to the acoustic front. These included the variations which 
were the result of different frequencies or source and receiver depth combinations. 

2. Variations related to the front but not range dependent. These were the result of 
variation in the acoustic environment near the source. These effects could be pre- 
dicted by assuming that a horizontally homogeneous environment surrounded the 
source and included the influence of the mixed layer depth and the critical depth. 
Several examples of this are discussed below. The variations of mixed layer depth 
were not extreme enough to cause much change in the direct path surface duct 
ranges but they did determine which frequencies carried the direct path signal. 

The most significant non-range dependent effects were those due to the 
change in critical depth brought about by changes in the surface sound speed due 
to variations in sea surface temperature (SST). These variations in critical depth 
were the primary cause of non-range dependent variability. The cumulative effect 
of relatively gradual changes of sea surface temperature in the horizontal was re- 
sponsible for directing the deep propagation of sound to either permit or deny 
convergence zone transmission. Across this filament there was a spatial organiza- 
tion of those SSPs which allowed CZ transmission and those which did not. To the 
north of the filament high sound speed close to the surface prevented convergence 
zone transmission for a shallow (5 m) source while SSPs in the filament and to the 
south permitted CZ transmission for a shallow (5 m) source. 

3. Variations related to the front and range dependent. There were several range de- 
pendent anomalies which were related either to the dramatic reshaping of the SSP 
near the surface which occurred at the northern margin of the filament at station 
135 or. to the expansion or contraction of the depth band of the convergence zone 
ray path which occurred with range dependent variation in SST. The extended first 
convergence zone from station 137 to the north (Figure 21) and the first conver- 
gence range of 99 km from station 133 to the south (Figure 22) are respective ex- 
amples. They were the result of unique SSPs created by the cold filament moving 
into a new area of warm oceanic water, providing extended first convergence zone 
ranges due to surface duct trapping when projecting northward from a shallow (5 
m source) at station 137 and the anomalous absence of the first convergence zone 
in the vicinity of station 135, coupled with the appearance of a convergence zone 
in the vicinity of station 137 when projecting from a deep source (100 m) located 
at station 133 southward towards shallow receivers at 5 m. The extent and lifetime 
of these unique features is unknown. In our model the station spacing gives them 
a width of 25 km. The along-filament extent and temporal lifetime of the layering 
is unknown. The horizontal extent of these features is important because the dis- 
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tance over which they influence the environment relates directly to the affected 
PSRs. For example, the surface channel created by the SSP at station 133 results 
in near surface direct path ranges of about 25 km. If in reality the feature was 
smaller, the modelled direct path range would also be smaller. Other PSRs were 
similarly perturbed by the passage of sound energy through a simulated 25 km thick 
band of water with a unique SSP. Complete correction of this sampling problem 
is not possible. The mechanism of these effects, as decribed above, was discernable 
from the shape of the curves in Figures 21 and 22, but the distance over which they 
acted was probably less than indicated. 

3. The Tactical Significance of Variations in PSRs 

To emphasize the importance of this variation, it is useful to create a few tac- 
tical scenarios and use the PSRs calculated to determine the acoustic advantage of var- 
ious relative positions across this cold filament. For all scenarios we will consider a 
surface ship and a submarine, each with an FOM of 80 dB and each listening for an 800 
Hz signal. The surface ship as a source is constrained to the surface but can optionally 
lower a hydrophone to listen at 100 m. The submarine is constrained to operate and 
listen at 100 m. 

The first scenario (Figure 29) puts the surface ship at station 134, listening at 
100 m. with the submarine at station 136. In these positions, the surface ship's direct 
path signal can be detected at 4 km and there are no convergence zone paths. The 
submarine's signal, however, does produce CZ ranges allowing initial detection to occur 
in the second CZ at 99 km with another convergence zone at 52 km. The direct path 
signal can be detected by the surface ship at 4 km. The acoustic advantage in this sce- 
nario goes to the surface ship. 

Next we place the surface ship at station 137, again listening at 100 m, moving 
the submarine to station 135 (Figure 30). The surface ship's signal can be heard via di- 
rect path to 4 km, with convergence zones at 51 and 99 km. The submarine's signal is 
now detectable at 4 km direct path, with convergence zones at 52 and 100 km. Both 
have essentially equal acoustic capabilities. Neither vessel has an acoustic advantage. 

The final scenario places both the surface ship and the submarine near station 
135 (Figure 31). The direct path signal of the surface ship extends to 26 km. The sub- 
marine can be detected via direct path to 4 km. There are no convergence zone ranges 
listed because the distance between the adversaries is less than the range to the first 
convergence zone. In this case the submarine has the acoustic advantage (the degree 
of the advantage is not accurately described by the surface ship's direct path range of 
26 km for reasons stated earlier). 
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The significance of these scenarios is that this cold water filament produces an 
acoustic front sufficient to cause a change in acoustic advantage based on relative posi- 
tion with respect to the front. For this cold water filament a surface ship steaming off- 
shore would be far less detectable if it stayed to the north of the cold zone, rather than 
transversing within it. 

4. Applicability to Other Eastern Boundary' Regions 

Substantial variation in predicted PSRs occurred across this filament in the 
California Current System. This filament has a greater surface temperature change 
across it (5 °C) than other filaments observed (based on satellite SST) in other parts of 
the world. This calls to question the general applicability of the results. Perhaps the 
cold filaments in other regions do not present enough of a temperature gradient to 
produce a substantial variation in sonar ranges. A review of our results indicates that 
not much of a temperature difference is needed. The sea surface temperature differences 
between station 134 and 135 was less the 1 °C,25 km, yet there was a substantial increase 
in predicted sonar range at station 135 because of the structure of the shallow SSP which 
occurred at the margin of the filament. A change in sea surface temperature of 1 ° C/25 
km at the margin is commonly observed for other filaments measured by AVHRR im- 
agery, but their vertical structure and degree of interleaving is largely unknown. 

The shoaling of the critical depth which permitted convergence zone trans- 
mission from near- surface sources was a function only of temperature at the surface. 
A change in surface temperature of 2.2 °C between stations 134 and 136 made the dif- 
ference between CZ reception at the surface at 136 and no CZ at the surface at station 
134. A temperature gradient of 1.1 °C,'25 km was enough to create a substantial differ- 
ence. The cold filaments in other regions discussed above (Figures 24 and 27) have 
temperature gradients which exceeded 1.1 °C /25 km, and could provide similar PSR 
variations. 



50 




Figure 24. AVHRR image of a cold filament off NYV Africa on 2 July 1985: The 

black crosses indicate 1° squares with north toward the top . Shades 
of grey are indicative of sea surface temperature, a scale in C C is pro- 
vided across the top (From Xykjaer et al.,19S6). The arrow indicates 
location of coldest water in the filament. 
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Figure 25. CZCS image of the region in Figure 24 on 2 July 1985: The cold fila- 

ment of Figure 24 is plainly visible as a chlorophyll maximum in this 
image {From Xukjaer et al.. 1986). 
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Figure 26. All cold filaments which occurred olf South Africa in February 1984 
from satellite AVFIRR data: The position and orientation of each fil- 

ament observed is indicated by a solid line. The observed cold filaments 
were between 50 km and 600 km in length (From Lutcjcharms et al., 
1988). 
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Figure 27. AVHRR image of a cold filaments off the coast of Portugal on 21 AUG 
1979.: The arrow indicates the best defined filament. This cold fila- 

ment extended approximately 150 km offshore. The coldest water is 
white and the darker shades are warm. The Straits of Gibralter are at 
the top (From Fiuza, 1985). 
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Figure 28. A schematic diagram of an offshore cold filament. (From The CTZ 
Group, 1988) 
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TACTICAL SCENARIO I 



STATION ID 133 134 133 136 137 133 139 

ship 

4 



sun 

99 97 52 48 4 



STATION ID 133 134 135 136 157 133 139 



SURLACI* SHIP 
Source: 5 m 
Receiver: 1 00 m 
Frequency: 800 1 1 z. 
Location: Station 1.14 
Ranges detectable: 4 km 



SUIIMARIN FI 

Source: 1 00 m 

Receiver: 100 in 

Frequency: 800 I Iz 

Location: Station 136 

Ranges detectable: 4 km, 52 kin ,99 km 



ADVANTAGE: SURFACE SHIP 



Figure 29. Tactical Scenario //I: A surface ship at station 134 at 5 m with a 

hydrophone at 100m and a submarine at station 13(3 at 100 in. A i rows 
indicate the direct path range projected from the source towards the 
adversary. Source position is identified by solid circle. Bracketed values 
(|--|) indicate the distance (km) to the inner and outer edge of the con- 
vergence zone (when present). 
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I AC IK AL SCENARIO 2 



STATION W /.?.? LU IIS /.?d /?7 IhS H9 

ship 

100 99 51 49 4 

H H 

SUM 

4 48 53 98 100 

• - H H 

STATION in / ? T IU /.?.? \ m /.M /?9 



SIJRI A( It SHIP 
Source: 5 m 
Receiver: 100 m 
I rccjucncy: 800 I \/. 

1 ncatinn: Station 1 37 

Ranges detectable: 4 km, 51 km, 100 km 



SUBMARINE 
Source: 100 m 
Receiver: 100 m 
l iccjucncy: 800 Il7. 

Location: Station I 35 

Ranges detectable: 4 km, 53 km ,100 km 



NO A CO OS 77 C A nr AN TA C,E 



Figure 30. Tactical Scenario //2: A surface ship at station 137 at 5 in with a 

hydrophone at 100m and a submarine at station 136 at 100 m. Arrows 
indicate the direct path range projected from the source towards the 
adversary. Source position is identified by solid circle. Bracketed values 
(|— |) indicate the distance (km) to the inner and outer edge of' the con- 
vergence zone (when present). 
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I AC11CAL SCENARIO 3 



STATION 10 111 114 IIS 116 117 IIS 119 



SHIP 

26 

• _ 

sun 



STATION ID 111 114 

SURPACI: SHIP 
Source: 5 in 
Receiver 100 in 

Frequency: 800 I !/ 
Foention: Stnlion 135 
Ranges detectable: 26 



6 

• ► 

IS /. Trf 117 IIS /3V 

SUBMARINE 
Source: 100 in 
Receiver: 100 in 
Frequency: 800 1 1/. 
Foention: Station 135 
Ranges detectable: 4 km 



At) l AN 7 , f <7 E: S UM\ I A 1UNE 



Figure 31. Tactical Scenario //3: A surface ship at station 135 at 5 in with a 

hydrophone at 100m and a submarine at station 135 at 1 00 m. Arrows 
indicate the direct path range (km) projected From the source towaids 
the adversary. Source position is identified by solid circle. Since the ship 
and sub are within 25 km of each other, CZ ranges arc not relevant. 
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V. CONCLUSION 



Cold filaments recurr off prominent coastal features in strategically important 
coastal areas in oceanic eastern boundary regions around the world. They are detectable 
by satellite using either infrared or color imagery from either the AVHRR or CZCS in- 
struments. 

The cold filament investigated in this study presented an acoustic front in the upper 
300 m of the water column which was sufficient to change the acoustic advantage be- 
tween two adversaries operating in that depth band depending on their positions relative 
to each other and to the acoustic front. 

The three acoustic mechanisms responsible for the filament-related variation in 
PSRs were: 

1. The inception of convergence zone transmission at a location caused by a decrease 
in surface temperature. 

2. The extension of ranges by surface ducting which was the result of the overriding 
of cold filament water over the warmer water at the margin of the filaments. 

3. The expansion and contraction of the depth band of the convergence zone ray- 
path. which acted to provide or deny convergence zone transmissions to shallow 
sensors. 

None of these mechanisms required strong horizontal temperature gradients. Although 
the cold filament of this study contained a temperature difference of 5 °C from the 
coldest water near the center of the filament to the warmer water outside, much smaller 
differences were responsible for the variations in PSRs which occurred between stations. 
Temperature differences of no more than 1 °C/25 km were sufficient to determine 
whether or not CZ transmission occurred. Differences of less than 1 °C existed between 
the stations on either side of the margin of the filament. All of the filaments presented 
as examples in this paper had such gradients. Similar mechanisms depending on similar 
temperature gradients would be valid in the area of cold filaments whereever they oc- 
curred. This implies that similar acoustic fronts could be presented by cold filaments 
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where ever they are detected by satellite imagery, and that these cold filaments present 
acoustic fronts at shallow depths which are sufficient to effect a tactical advantage. 
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